The adsorption of lead(II) ions from aqueous solution onto lignin was investigated in this study. Thus, the influence of the initial solution pH, the lignin dosage, the initial Pb(II) ion concentration and the contact time were investigated at room temperature (19 ± 0.5 o C) in a batch system. Adsorption equilibrium was approached within 30 min. The adsorption kinetic data could be well described by the pseudo-second-order kinetic model, while the equilibrium data were well fitted using the Langmuir isotherm model. A maximum adsorption capacity of 32.36 mg/g was observed. The results of this study indicate that lignin has the potential to become an effective and economical adsorbent for the removal of Pb(II) ions from industrial wastewaters.
INTRODUCTION
The heavy metal content from industrial wastewaters is an important source of environmental pollution. Heavy metals, such as Pb, Cd, Cu, Hg, Cr, Ni and Co, are the main trace elements that are of greatest concern in a waste treatment facility (Patterson 1985) . The removal of heavy metal ions from wastewaters because of their detrimental effects on living species is extremely important. For example, the presence of excess lead ions in drinking water causes diseases such as anaemia, encephalopathy and hepatitis. In addition, Pb(II) ions have an affinity for ligands containing thiols and phosphate groups and they inhibit the biosynthesis of haeme, causing damage to both the kidneys and the liver (Goyer 1993; Londrigan et al. 1990 ).
Methods of minimizing the concentration of heavy metal ions in surface waters and wastewaters are therefore crucial for environmental protection. The main techniques that have been used to remove heavy metal ions from aqueous effluents include chemical precipitation, membrane filtration, ion exchange and adsorption onto activated carbon (Gogate and Pandit 2004; Atkinson et al. 1998; Rusten et al. 1997; Kumar 2006; Nadeem et al. 2006; Orumwense 1996; Igwe and Abia 2006) . However, these methods are expensive or have some disadvantages, such as the incomplete removal of Pb(II) ions, low selectivity, high cost and energy consumption, and the generation of a high amount of toxic sludge. Thus, several natural materials and industrial or agricultural waste products, such as peat moss (Coupal and Spiff 1999; Bulgariu et al. 2008a Bulgariu et al. ,b, 2009 , waste slurry (Lee and Davis 2001; Liu and Wang 2005) , fly ash (Bailey et al. 1990 ; Gupta et al. 2003) and lignin (Suhas et al. 2007; , have been used as low-cost adsorbents for the removal of heavy metal ions from contaminated waters.
After cellulose, lignin is the second most abundant natural raw material. Its main function is to cement the cellulose fibres in plants (Mohan et al. 2006) . It is generally obtained from black liquor, a waste discharged in large quantities by the paper industry, and which can pose a major disposal problem.
Lignin is a natural amorphous cross-linked resin that has an aromatic three-dimensional polymeric structure containing numerous functional groups, such as phenol, hydroxyl, carbonyl, benzyl alcohol, methoxy and aldehyde (Suhas et al. 2007) . The presence of these numerous groups capable of chemical bonding with metal ions is responsible for the cation-exchange capacity of lignin, making it potentially useful as an adsorbent material for the removal of heavy metal ions from aqueous solutions.
In this study, the adsorption of Pb(II) ions from aqueous solutions onto lignin has been studied. The influence of several experimental factors at room temperature, such as the initial solution pH, the adsorbent dose, the initial metal ion concentration and contact time, on the adsorption process has been examined. The Langmuir and Freundlich isotherm models have been used for the mathematical description of Pb(II) ion adsorption onto lignin. The kinetic parameters of the adsorption process have also been examined, when it was found that the process followed pseudo-second-order kinetics.
EXPERIMENTAL

Materials
The lignin used in this study was purchased from Tanin Sevnica (Slovenia) and was used without further purification. The chemical structure of the lignin units is presented as the inset in Figure 1 and was confirmed by FT-IR spectra (Bio-Rad Spectrometer, 4000-400 cm -1 spectral domain, KBr pellet technique).
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L. Bulgariu et al./Adsorption Science & Technology Vol. 27 No. 4 2009 Figure 1. FT-IR spectrum of dry lignin used as adsorbent (inset shows the chemical structure of the lignin units). The broad band at 3414 cm -1 may be associated with the stretching vibrations of the aromatic and aliphatic -OH groups. The peak at 2912 cm -1 is attributed to the C-H stretching of the methyl and methylene groups of the side chains and the aromatic methoxy groups. Two peaks at ca. 1715 cm -1 and ca. 1612 cm -1 originate from the conjugated carboxyl and carbonyl stretching vibrations. The strong peaks at 1514 cm -1 and 1460 cm -1 could be assigned to typical aromatic skeletal vibrations. The peaks at 1325 cm -1 and 1213 cm -1 correspond to syringyl ring C-O stretching vibrations, while the peaks at 1111 cm -1 and 804 cm -1 provide further indication of the presence of syringyl units . The band assigned to the carboxyl groups was of relatively low intensity, although a higher intensity was observed at 1514 cm -1 thereby indicating that phenolic units were more abundant that carboxyl groups in lignin.
HCOH
The lignin sample was dried in an oven in air for 6 h at 85 ± 3 ºC and then stored in desiccators for subsequent use. Some physicochemical characteristics of the lignin used as an adsorbent in this study are listed in Table 1 .
A stock solution of Pb(II) ions containing 2000 mg Pb(II)/dm 3 was obtained by dissolving lead nitrate (purchased from Reactivul, Bucharest) in twice-distilled water and standardizing after preparation (Dean 1995) . Other concentrations within the range 40-670 mg Pb(II)/dm 3 were obtained by dilution of the stock solution.
The initial pH of the working solution was obtained by adding small volumes of 0.5 N HNO 3 (for pH values of 2.0 and 3.0) or acetate buffer (CH 3 COOH/CH 3 COONa) for 3.0 < pH < 6.0.
Adsorption experiments
Adsorption experiments were undertaken at room temperature (19 ± 0.5 ºC) for different initial solution pH values, adsorbent dosages, initial metal ion concentrations and contact times. The batch experiments were performed in 150 cm 3 conical flasks by adding lignin to a solution containing Pb(II) ions with intermittent stirring (usually over a period of 24 h).
The influence of the initial solution pH on the adsorption capacity of lignin towards Pb(II) ions was investigated by mixing 0.125 g dry lignin with 25 cm 3 of 41.96 mg Pb(II)/dm 3 or 83.96 mg Pb(II)/dm 3 solution, respectively, and adjusting the pH value to between 2.0 and 6.0. The effect of lignin dosage on Pb(II) adsorption was also determined by mixing adsorbent samples ranging between 5 and 40 g/dm 3 with 25 cm 3 of Pb(II) ion solution (83.96 mg/dm 3 ) at room temperature and a pH value of 6.0. The influence of the initial Pb(II) ion concentration on the lignin adsorption capacity was studied over the 40-670 mg Pb(II)/dm 3 concentration range at an initial solution pH value of 6.0. For the kinetic experiments, a constant adsorbent dose of 5 g/dm 3 was mixed with 25 cm 3 of 167 mg/dm 3 Pb(II) solution at various time intervals between 5 and 180 min. After the adsorption procedure was complete, the phases were separated by filtration and the Pb(II) ion concentration in the aqueous solutions analyzed spectrophotometrically with 4-(2-pyridilazo)resorcinol (Digital spectrophotometer S 104 D, λ = 530 nm, 1 cm glass cells) (Flaska and Barnard 1976) using a prepared calibration graph.
Theoretical models
Two theoretical models were used to describe the experimental adsorption isotherms, viz. the Langmuir and Freundlich models (Chong and Volesky 1995; Ho et al. 2002) .
The Langmuir isotherm equation may be expressed as:
( 1) where q max is the maximum adsorption capacity upon complete saturation of the lignin surface, q is the amount of Pb(II) ions retained per unit weight of adsorbent, K L is the Langmuir constant related to the free energy of adsorption (Ho et al. 2002) and C e is the Pb(II) ion concentration at equilibrium. The Freundlich isotherm equation is an exponential equation that may be written as:
( 2) where K F is the Freundlich constant (an indicator of the adsorption capacity), n is a constant that characterizes the affinity of the metal ion towards lignin, q is the amount of Pb(II) ions adsorbed per unit weight of lignin and C e is the Pb(II) ion concentration at equilibrium. The pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic models were used to fit the adsorption data (Ho et al. 1996a,b; Gerente et al. 2007 ).
The pseudo-first-order kinetic equation may be written as:
( 3) which may be expressed in a linear form as:
where k 1 is the rate constant of the pseudo-first-order model and q e and q t are the amounts of Pb(II) ions adsorbed per unit weight of lignin at equilibrium and at time t, respectively. The pseudo-second-order kinetic equation is:
which has the linear form:
where k 2 is the rate constant of the pseudo-second-order model and q e and q t are the amounts of Pb(II) ions adsorbed per unit weight of lignin at equilibrium and at time t, respectively. The equation for the intraparticle diffusion model is:
where k diff is the intraparticle diffusion rate constant, q t is the amount of Pb(II) ions retained per unit weight of adsorbent at time t, and C e is the Pb(II) ion concentration at equilibrium.
RESULTS AND DISCUSSION
Effect of initial solution pH
The initial pH of the solution plays an important role in the adsorption of metal ions onto various adsorbents because it affects both the degree of dissociation of the functional groups on the adsorbent surface and the speciation and solubility of the metal ions (Ho et al. 1996a) .
In order to optimize the initial solution pH to obtain the maximum removal efficiency, the adsorption experiments were performed over the initial pH range of 2.0-6.0, employing initial Pb(II) ion concentrations of 41.96 and 83.96 mg/dm 3 , respectively. The adsorption efficiency of Pb(II) ions onto lignin as a function of the pH of the solution is presented in Figure 2 . The results obtained indicate that the adsorption of Pb(II) ions onto lignin was highly dependent on the pH value of the initial solution, increasing sharply as the pH value was increased. This effect was more pronounced the higher the initial Pb(II) ion concentration. Thus, at pH = 6.0, more than 95% of Pb(II) ions were adsorbed from aqueous solution. Such an adsorption trend may be attributed to competition between Pb 2+ ions and protons for binding sites on the lignin surface. At low pH values, the excess of protons in the system can compete with Pb(II) ions, resulting in a low quantity of Pb(II) ions being adsorbed. Increasing the initial pH of the solution reduces the proton concentration and, accordingly, the amount of Pb(II) ions adsorbed onto lignin increases. The strong pH-dependence of the adsorption process suggests that Pb(II) ions are possibly adsorbed according to an ion-exchange mechanism (Qin et al. 2006 ).
On the basis of these observations, an initial solution pH value of 6.0 (acetate buffer) was considered as an optimum, and was used in subsequent experiments.
Effect of lignin dosage
The effect of the lignin dosage on the adsorption of Pb(II) ions was studied by changing the adsorbent dosage from 5 g/dm 3 to 40 g/dm 3 employing an initial Pb(II) ion concentration of 83.96 mg/dm 3 and an initial solution pH of 6.0 ( Figure 3) .
As can see from the figure, the removal efficiency of lignin towards Pb(II) ions increased from 95.6% to 98.7% as the lignin dosage was increased from 5 g/dm 3 to 40 g/dm 3 . Further increases in the adsorbent dosage did not lead to a significant increase in Pb(II) ion removal from aqueous solution. This can be attributed to the number of possible binding sites increasing as the adsorbent dosage was increased and finally attaining a saturation point after which no further adsorption occurred (Ucun et al. 2003) .
Hence, in subsequent experiments the lignin dosage was maintained at 5 g/dm 3 , a value which was considered sufficient for the removal of Pb(II) ions from the aqueous solutions studied.
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L. Bulgariu et al./Adsorption Science & Technology Vol. 27 No. 4 2009 Figure 4 illustrates the effect of the initial Pb(II) ion concentration (C 0 , mg/dm 3 ) on the extent of adsorption onto lignin. In the present study, the initial Pb(II) ion concentration was varied between 40 mg/dm 3 and 670 mg/dm 3 at an initial solution pH value of 6.0 (acetate buffer). The amount of Pb(II) ions retained at equilibrium per unit weight of adsorbent (q e , mg/g) increased as the initial metal ion concentration in the aqueous solution increased. At the same time, the percentage removal of Pb(II) ions (% Removal) decreased as the initial Pb(II) ion concentration increased. This opposite variation can be explained by the fact that, at high initial metal ion concentrations, the available superficial groups are already occupied and, in consequence, the diffusion of Pb(II) ions to unreacted functional groups is inhibited.
Effect of the initial Pb(II) ion concentration
Effect of equilibrium contact time
The effect of contact time between the adsorbent (lignin) and the aqueous Pb(II) ion solution [initial conc. = 167 mg Pb(II)/dm 3 ] at a pH of 6.0 (acetate buffer) at room temperature on the extent of Pb(II) ion removal is illustrated in Figure 5 .
It will be seen from the figure that the adsorption of Pb(II) ions onto lignin occurred in two steps, a fast initial adsorption step followed by a much slower gradual adsorption. The amount of Pb(II) ions adsorbed increased sharply during the first 30 min of the process, when more than 85% of the Pb(II) ions were retained. After that, the rate became slower to finally attain a maximum adsorption level.
Such a two-step adsorption behaviour has been reported in most studies of metal ion adsorption onto various adsorbents (Ho et al. 1996a,b) . This characteristic is mainly determined by the presence of sites with different binding affinities for metal ions on the adsorbent surface, thereby yielding different binding rates.
According to Qin et al. (2006) , the rapid initial adsorption step is generally the result of the fast transfer of metal ions to the surface of the adsorbent particles, while the subsequent slow adsorption process is a consequence of the slow diffusion of metal ions into the pores of the adsorbent particles. 
Adsorption isotherm
Equilibrium adsorption experiments were performed to establish the maximum Pb(II) ion adsorption capacity of the lignin. Two linear models, Langmuir and Freundlich, were then used to provide a mathematical description of the adsorption process. The adsorption isotherms of Pb(II) ions onto lignin are shown in Figure 6 . 442 L. Bulgariu et al./Adsorption Science & Technology Vol. 27 No. 4 2009 Figure 5 . Effect of contact time on the adsorption of Pb(II) ions onto lignin. Experimental conditions: pH = 6.0 (acetate buffer); 5 g/dm 3 lignin; temperature = 19 ºC. model ( .......... ) . It can be observed from Figure 6 that the Langmuir isotherm model provided a better fit for the adsorption data (R 2 = 0.9981) than the Freundlich isotherm model (R 2 = 0.9263). In consequence, the Langmuir equation was used to describe the adsorption process. The maximum adsorption capacity (q max ) of lignin calculated under these conditions was 32.36 mg Pb(II)/g adsorbent, while the value of the Langmuir constant was found to be 0.1119. These values suggest that strong interactions occurred between the Pb(II) ions and the functional groups on the lignin surface. The lignin employed as the adsorbent in the present study showed a higher maximum adsorption capacity towards Pb(II) ions relative to the adsorption capacities of other lignin adsorbents, viz. 8.2 mg Pb(II)/g lignin obtained from beech wood or 9.0 mg Pb(II)/g lignin obtained from poplar wood (Suhas et al. 2007 ).
Adsorption kinetics
In order to investigate the mechanism of Pb(II) ion adsorption onto lignin and to examine the ratecontrolling step of the adsorption process, the pseudo-first-order, pseudo-second-order and intraparticle diffusion models were tested for fitting the kinetic adsorption data. The graphical representation of the three considered kinetic models for the data arising from the adsorption of Pb(II) ions onto lignin are presented in Figure 7 .
It will be noted from Figure 7 (a) that the correlation coefficient (R 2 ) for the pseudo-first-order equation was 0.9279, with the equilibrium adsorption capacity (q e , mg/g) calculated from equation (4) being 9.04 mg/g, which was much lower that the experimental amount of Pb(II) ions adsorbed at equilibrium (16.25 mg/g). In consequence, the pseudo-first-order kinetic model was not considered adequate for providing a description of Pb(II) ion adsorption onto lignin.
The pseudo-second-order kinetic model was applied to fit the adsorption data [ Figure 7 (b)] when a better fit was obtained with a high correlation coefficient (R 2 = 0.9987). In addition, the equilibrium adsorption capacity (q e , mg/g) calculated using equation (6) of 16.21 mg/g was very close to the q e value obtained experimentally (16.25 mg/g).
The pseudo-second-order kinetic model is based on the assumption that the rate-limiting step is chemical adsorption, which involves the sharing or exchange of electrons between the adsorbent and the metal ions (Ho et al. 1996a,b) . The good fit of this model suggests that chemical interaction between Pb(II) ions and the superficial functional groups of lignin is the ratecontrolling step.
In the considered system, if intraparticle diffusion were the rate-controlling step of the adsorption process, the uptake of metal ions would vary with the square root of time (Wu et al. 2008) . In this study, the plot of q t versus t 1/2 obtained for Pb(II) ion adsorption onto lignin [ Figure  7 (c)] did not pass through the origin, and two separate adsorption regions were found to exist. For this reason, the values of k diff and C e were calculated employing the slopes and intercepts of each of the two linear portions in conjunction with equation (7). For the first linear portion, the correlation coefficient (R 2 ), k diff and C e values were 0.9789, 1.6516 and 3.68 mg Pb(II)/dm 3 , respectively, while for the second linear portion the correlation coefficient (R 2 ), k diff and C e values were 0.8097, 0.6168 and 8.77 mg Pb(II)/dm 3 , respectively. The fact that the straight lines do not pass through the origin indicates that intraparticle diffusion was not the sole rate-controlling step, with boundary layer diffusion also controlling the adsorption process to some degree. Thus, the first straight portion of the plot may be attributed to the mass transfer of Pb(II) ions from the bulk solution to the adsorbent surface, while the second linear portion relates to the intraparticle diffusion of Pb(II) ions onto lignin.
CONCLUSIONS
The adsorption of Pb(II) ions from aqueous solution onto lignin has been investigated in this study. Lignin is a waste material derived in large quantities from the paper industry which can pose a major disposal problem. A batch system was employed in all the adsorption studies. Thus, the effects of the initial solution pH, the adsorbent dosage, the initial Pb(II) ion concentration and the contact time on the adsorption process were studied at room temperature (19 ± 0.5 ºC). The adsorption of Pb(II) ions onto lignin was found to increase with increasing initial solution pH, indicating that Pb(II) ions were adsorbed onto lignin probably via an ion-exchange mechanism.
The Langmuir and Freundlich isotherm models were used to provide a mathematical description of the data for the adsorption process. The results obtained indicate that the adsorption equilibrium data were very well fitted by the Langmuir isotherm, with the value of the maximum adsorption capacity (q max ) being 32.36 mg/g under the experimental conditions employed. 
